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In the surface physics group model systems
of well defined surfaces and interfaces are
systematically studied in order to address
fundamental issues that are relevant for
nanoscience and nanotechnology. Our lab-
oratory is well equipped for the preparation
and characterization of clean surfaces, metal
and molecular monolayer films, as well as self-
assembling nanostructures, all under ultrahigh
vacuum (UHV) conditions. Experimental tech-
niques available to us include x-ray photo-
electron spectroscopy (XPS) and diffraction
(XPD), angle-resolved photoemission spec-
troscopy (ARPES), two-photon photoemission
(2PPE) using femtosecond laser pulses, low-
energy electron diffraction (LEED) and scan-
ning tunneling microscopy (STM). During this
past year, a new variable-temperature STM
could be purchased, partly funded by the
R’Equip program of the Swiss National Sci-
ence Foundation (SNF). A new UHV system
was designed and built, and the instrument
was successfully commissioned. At the nearby
Swiss Light Source (SLS) we operate two more
photoemission spectrometers, one for spin-
resolved Fermi surface mapping and one for
photo-electron diffraction and holography. A
growing network of national and international
collaborations expands this set of experimen-
tal techniques and provides us also with the
necessary theoretical support.

The research carried out during the report pe-
riod can be grouped into four topics:

- Monolayer films of hexagonal boron nitride on
metal surfaces
The boron nitride nanomesh continued to
be one of our major research interests,
funded in part by the SNF and the EU
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(FP6-STREP “NanoMesh”). This one atom
thick layer of boron nitride on Rh(111) sur-
faces, which was discovered some years
ago in our group (1), exhibits a very reg-
ular hexagonal corrugation pattern with 2
nm wide depressions (“holes”) and a pe-
riodicity of 3.2 nm, giving the surface a
mesh-like appearance in STM images. Its
periodicity and atomic structure are now
fairly well understood (2; 3; 4), a further
structural refinement by means of surface
x-ray diffraction (SXRD) is currently ongo-
ing in collaboration with the SXRD group
of the SLS. Affer establishing the ability
of the nanomesh to trap naphthalocyo-
nine molecules within the holes, thus form-
ing self-assembled molecular arrays cov-
ering macroscopic surface areas (4), we
could now conftribute to the understand-
ing of the frapping mechanism that keeps
the molecules in place (see Sec. 12.1 and
Ref. (5)). These studies were extended 1o
other molecules, like copper phthalocya-
nine and more recently Co carbonyls, the
latter with a view of producing Co metal
nanoclusters within the nanomesh holes.
Preliminary results indicate that Co atoms
remain on the surface and form clusters,
while the carbonyl groups desorb when
the warm nanomesh surface is exposed to
a flux of molecules. One of the most re-
markable properties of the nanomesh s its
robustness when exposed to air and even
when immersed in water (6). Within a Mas-
ter thesis project (1. Mattle), the stability
range under electrochemical conditions
has been further characterized at EMPA
Thun, and preliminary studies of molecular
adsorption from the liquid phase are ongo-

ing.
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- Ultrafast processes at surfaces

From the laser laboratory, which is located
adjacent to the lab housing the photo-
electron spectrometer, femtosecond laser
pulses can be coupled through a hole
in the wall into the photoemission cham-
ber. With this setup, 2PPE experiments can
be performed, exploiting also the angu-
lar degrees of freedom of the UHV sam-
ple goniometer. This has been demon-
strated in a recent publication on photo-
emission momentum mapping and wave
function analysis of surface and bulk states
on Cu surfaces (7). In a recent Mas-
ter project (D. Leuenberger), the poorly
understood ultrafast demagnetization of
a Ni surface by fs-laser pulses, previously
observed by other groups in optical (8)
and photoemission (9) experiments, had
been addressed in a new approach. The
clean Ni(111) surface is protected by a sin-
gle boron nitride monolayer, providing at
the same time a strongly resonant emis-
sion peak in 2PPE spectra (10). In prin-
ciple, this resonance should be sensitive
to changes in the Ni band structure asso-
ciated with the demagnetization process.
The experiments have so far produced am-
biguous results and the study has been ex-
panded into a PhD project. In a new Mas-
ter project (S. Roth), we have started an
investigation of diamondoid (nano-clusters
of diamond) covered Ag surfaces in view
of their interesting property of negative
electron affinity (NEA) (11). Such surfaces
have their lowest unoccupied molecular
orbital situated above the vacuum energy
and show therefore strongly enhanced
electron emission upon photo-excitation.
Specifically, self-assembled monolayers of
thiolated tetramantane molecules that
were obtained through a collaboration
with Chevron U.S.A. Inc., Richmond CA,
were prepared on Ag(111) and are cur-
rently being studied by time-resolved 2PPE.
In parallel, the group is commissioning a
new photoemission spectrometer in the
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laser lab. This instrument has been moved
from PSI to ZUrich (courtesy Ch. Quitmann).
It contains an ellipsoidal display analyzer
(12) and will allow to measure 2PPE mo-
mentum distributions very efficiently.

Spin-resolved photoemission and momentum
mapping

After a couple of very difficult years
of identifying, characterizihg and fixing
magnetic shielding problems, our spin-
resolved photoemission chamber at the
SLS (COPHEE, the complete photoemission
experiment) is now working very well. As
a first demonstration, the spin polarization
and the spin structure of the electronic
states in the two surface alloys Bi/Ag(111)
and Pb/Ag(111) have been successfully
measured (see Sec. 12.2), and a paper has
been accepted for publication in Physical
Review B. The unique capability of the in-
strument to resolve all components of the
spin polarization vector of the photoelec-
trons made it possible to infroduce a new
two-step fitting routine that provides ab-
solute spin polarization vectors for each
individual band intersected in a particu-
lar measurement. This procedure is cru-
cial when investigatfing this type of two-
dimensional systems where spin-orbit ef-
fects lead to complex momentum depen-
dent spin structures (13; 14). With the pho-
toelectron spin as an additional tag in the
measurement, spin-split bands with split-
fings far below the measured line width
can be resolved. This has allowed us to
see such splittings in quantum well states
within ultrathin Pb layers on Si(111). Com-
parable to surface states, the space inver-
sion symmetry is broken in these films, and
the spin degeneracy of the valence elec-
frons is lifted. The effect is much smaller,
though, and first results have shown a split-
fing of only 15 meV in such films.

Further instrumental developments
The importance of the electron spin in
chemical bonding is obvious (Pauli princi-
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ple). For molecules adsorbed on ferromag-
netic surfaces, where the absolute spin ori-
entation in spin-split bands can be inter-
changed by conftrolling the macroscopic
sample magnetization direction, the spin-
dependent coupling of molecular orbitals
to states of the underlying substrate can
be studied. In order to exploit the versatile
preparation and characterization environ-
ment of our photoelectron spectrometer
chamber, we have engaged in a devel-
opment project for a simplified type of spin
detector that is compatible with the exist-
iNng hemispherical electron analyzer. In this
new type of Mott detector, backscattered
high-energy electrons are measured within
scintillator crystals. The light pulses are ex-
fracted by glass rods out of the UHV. This
design avoids the complex high-voltage
operation of the preamplifiers. A first proto-
type of the device has been built and will
soon be ready for testing.

In conjunction with the nanomesh project,
the interest arises whether individual
molecules trapped within nanomesh pores
can be addressed via optical fluores-
cence. In order to have a substantial flu-
orescence yield, excited molecular states
have to be long lived, which is not obvi-
ous for molecules adsorbed on a metal
surface, where many de-excitation chan-
nels exist. It is therefore crucial to estab-
lish whether the presence of the single-
layer boron nitride dielectric provides suf-
ficient decoupling from the underlying
Rh surface. Within a Master project (J.
Schmidlin), our room temperature STM has
been equipped with a detector for record-
ing fluorescence photons excited locally
by the tunneling current from the fip. Pre-
liminary measurements show clear photon
signals correlating with the tunneling volt-
age.

In the following, two highlights of last year’s re-
search are presented in more detail.
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12.1 Boron nitride nanomesh: trapping

molecules with dipole rings

In collaboration with: Peter Blaha and Robert
Laskowski, Institut fUr Materialchemie, Technis-
che Universitét Wien, A-1060 Vienna, Austria.

The control of the mobility of single atoms or
molecules on surfaces is of key importance
in nanotechnology. For efficient immobiliza-
tion or tfrapping, the bonding has to com-
promise between bonding strength and de-
terioration of the specific function of a single
molecule, which relies on a minimal coupling
to the degrees of freedom of the support. Sur-
face dipoles, which contribute strongly to the
bonding of polarizable entities, should lead
to lateral immobilization as soon as they also
exhibit in-plane components. In this respect,
a ring geometry of in-plane dipoles appears
most attractive for complete confinement of
molecules within a nanometer-size space. The
mesh-like monolayer structure of hexagonal
boron nitride on RN(111) (1) represents a per-
fect realization of a dense layer of such dipole
rings with diameters of 2 nm. This is demon-
strated by the adsorption of highly polarizable
Xe atoms, and by using photoemission from
shallow Xe core levels as a sensitive probe
for the electrostatic energy landscape on this
layer.

It is now established that the h-BN nhanomesh
on Rh(111) or Ru(0001) is a single sheet of
hexagonal boron nitride, where 13x13 BN units
form a coincidence latftice with 12x12 sub-
strate unit cells (2; 3; 4; 15). Two distinct BN re-
gions were found within the sp?-bonded net-
work of h-BN: A closely bound region assigned
to the “holes” in the nanomesh and a loosely
bound region assigned to the “wires” (see Fig.
12.1) (3; 4; 15). Theory confirmed the exper-
imentally observed electronic structure and
showed the sp? derived BN o-band density of
states of the holes and the wires to be quasi
rigidly shiffed with respect to each other by
about T eV (3). This suggests that a signi ficant
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portion of the h-BN o-band shift is related to
electrostatics, i.e. to different work functions
of the wires and the holes. The accompany-
ing local vacuum level misalignment imposes
electric fields and leads to lateral polarization
within the h-BN sheet. This is described with
dipole rings, which in turn offer a natural ex-
planation for an enhanced immobilization of
molecules. Fig.12.2 shows valence band pho-
toemission data from Xe on h-BN/Rh(111) for
different Xe coverages. It is seen that the Xe
atoms first occupy sites in the holes and then
start to cover wire- and further hole-sites within
the nanomesh unit cell. The Xe 5p binding en-
ergy difference of 0.3 eV between Xe in the
holes and Xe on the wires corresponds to the
difference of the electrostatic potential at the
sites of the Xe cores, 2Aabove the surface.
This is rationalized by in plane dipoles on rings
located at the rims of the holes. The poten-
tial energy landscape, where the holes at-
tract electrons, is confirmed by density func-
tional theory calculations within a super-cell
with more than thousand atoms.

Thermal desorption spectroscopy allows to
determine the site specific Xe desorption en-
ergies. It is found that 12 Xe atoms in the
nanomesh unit cell that were located in the
holes, have a desorption energy which is 25
meV larger than that of the 42 other Xe atoms
in the nanomesh unit cell with a full mono-
layer (1824+0.05 meV). We expect dipole rings
also to occur in other dislocation networks
and that this concept will improve the un-
derstanding of two-dimensional templates for
supramolecular structures.
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Figure 12.1: Scanning tunneling microscopy image
of h-BN/Rh(111). About 20 unit cells with a lat-
tice constant of 3.2 nm are shown. The two dis-
tinct regions of the wires (dark) and the holes
(bright) are marked. Two holes are occupied by Cu-
phthalocyanine molecules.
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Figure 12.2: Photoemission spectra (hw=21.2 eV) for
three different Xe coverages on h-BN nanomesh. ©
Xe is the number of Xe atoms per unit cell. H stands
for hole, W for wire. When Xe is in the holes the H-
o-bands are suppressed. The three icons mimic the
nanomesh unit cell and the location of the Xe atoms.
The Xe 5p doublet is also split in a H and a W con-
tribution. The energy difference of 310 meV corre-
sponds to the electrostatic potential-energy differ-
ence between the Xe cores on top of the wires and
the holes.
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12.2 Understanding and tuning the
electron spin at surfaces

In collaboration with:
Luc Patthey, Swiss Light Source, Paul Scherrer
Insititute, 5232 Viligen, Switzerland.

Methods that allow to control and measure
the electron spin, or the average of a cer-
tain quantity of spins, have received grow-
ing attention in the last few years. In spin-
tronics, the spin field-effect transistor as pro-
posed by Datta and Das (16), which relies
on the Rashba-Bychkov effect (17) (hence-
forth Rashba effect), is one of the key ele-
ments. The basis of the Rashba effect lies in
the breaking of the crystal symmetry at the
surface and the resulting absence of space
inversion symmetry. For a parabolic band this
will produce two parabola that are split in mo-
mentum and cross at the centre of the Sur-
face Brillouin zone. The size of this splitting is
determined by the magnitude of the poten-
tial gradient at the surface and the atomic
number Z of the atoms involved. In order to
utilize the Rashba effect the splitting of the two
bands has to be large compared to the other
energy scales in the system. Recently, a very
large band splitting was reported in the two
surface alloys Bi/Ag(111)v/3 x /3 (R30°) and
Pb/Ag(111)v/3 x /3 (R30°) (18; 19), henceforth
referred to as Bi/Ag(111) and Pb/Ag(111). The
spin integrated band structure can roughly be
explained by a Rashba type spin-orbit split-
ting of the Bi (or Pb) induced surface states.
In these systems the Rashba effect is strongly
enhanced due to an additional reduction of
the surface symmetry caused by the /3 x /3
(R30°) surface reconstruction and due to the
corrugation of the surface (20). Furthermore
it has been proposed that the symmetry of
the individual bands plays a crucial role in the
Rashba effect,

Spin and angle resolved photoemission spec-
tfroscopy (SARPES) data were obtained for the
Bi/Ag(111) and Pb/Ag(111) surface alloys us-
ing the COPHEE spectrometer located at the
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surface and interface spectroscopy beamline
at the Swiss light source (21). This spectro-
meter is capable of measuring the spin po-
larization along three orthogonal directions in
real space for any point in reciprocal space
(22). This means that all the quantum num-
bers of a photoemitted electron can be ob-
tained. In order to harness the amount of
information obtained in this manner a novel
two step fitting routine has been developed.
Using this routine the magnitude and orien-
tation of the spin polarization vector in three
dimensional space can be obtained for indi-
vidual bands. The usefulness and necessity of
this approach is illustrated in Fig. 12.3. Due
to their large number of bands and complex
band structure these surface alloys provide
ideal test cases. An additional benefit of this
procedure is that bands which can normally
not be resolved in spin integrated photoemis-
sion are easily separated using the spin as an
additional tag of individual bands. Our data
confirm that the orientation of the spin polar-
ization vector depends on both the orienta-
tion of the potential gradient and the orbital
symmetry of a state. This information is typi-
cally not accessible in spin infegrated ARPES
and can be used to verify ab-initio density
functional theory calculations. Although the
measured spin polarization is usually less than
one due to overlapping bands and an unpo-
larized background, our analysis shows that
the frue polarization of individual bands is ei-
ther zero or one. This finding sheds a new light
on previous publications in the field, both the-
oretical and experimental. In order to stan-
dardize the results of spin resolved measure-
ments and theoretical freatments, we suggest
to focus on the direction of the spin polariza-
tion vector rather than the relative magnitude
of the polarization along a coordinate system,
especially for non magnetic samples. Building
on the understanding of the electron spin be-
haviour at surfaces obtained from these ex-
periments we can now explore some possibil-
ities to tune electron spins in artificial systems
prepared by standard surface science proce-
dures.
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Photoemission momentum distribution curves measured on Bi/Ag(111) at a binding energy Ez = 0.9 eV with
hw = 24 eV (top panels) and at Eg = 0.4 eV with fiw = 23 eV (bottom panels) along the TK direction of the

surface Brillouin zone (from Ref. [21]).
(a) and (c):

spin integrated intensities and the Lorentzian peaks of the fit. The solid line is the total intensity fit.

(b) and (d):

measured (symbols) and fitted (solid lines) spin polarization curves from the MDC. The statistical errors are
smaller than the symbol size. The insets visualize the in-plane and out-of-plane spin polarization components
obtained from the polarization fit, where the symbols refer to those in (a) and (c).
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